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Abstract  11 
The aim of this study is to establish a relationship between target strength (TS) and total body length of 12 
the gilthead sea bream (Sparus aurata), in order to monitor its growth in sea cages. Five classes of 13 
commercial size gilthead sea bream are characterized, comprising lengths from 20 to 25 cm, 14 
corresponding to weights between 160 and 270 g. A few specimens were introduced into a sea cage of 3 15 
m in diameter and a height of 2.7 m. We measure TS directly using a Simrad EK60 echosounder with a 7º 16 
split-beam transducer working at 200 kHz. The transducer was located in the center of the cage during 17 
measurements, at the bottom facing upwards for ventral recordings and on the surface facing downwards 18 
to perform dorsal recordings. 19 
Two analyses based on single echo detection were performed: the first one obtains compensated 20 
transducer directivity TS values from intensity and angular echosounder data; while the second one omit 21 
phase information, affording uncompensated TS values (TSu). Two algorithms have been applied to 22 
analyze single-beam-like data, that differ in the order in which threshold and echo length criteria are 23 
applied to detect single echoes. TS distributions obtained from the split-beam analysis are unimodal for 24 
both ventral and dorsal measurements, like TSu distributions obtained when the threshold criterion is 25 
applied first. A lineal relationship was found between mean TS for the ventral aspect and logarithm of 26 
total body length of fish, showing good correlations for both TS and TSu, even having a few detections. 27 
Note that the relationship between TSu and total body length allows monitoring the growth of gilthead sea 28 
bream using low cost equipment like single beam echosounders. 29 
Keywords: Target strength, Sparus aurata, sea cage, ventral aspect, physoclistous.  30 
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1 Introduction 32 
In recent years, marine aquaculture has increased considerably due to the lack of fishery resources and the 33 
growing demand for marine products. Aquaculture currently accounts for 50% of global aquatic 34 
production for human consumption. In Spain, the third country in production of farmed fish of the 35 
European Union, this increase in aquaculture production is due mainly to farming of gilthead sea bream 36 
(Sparus aurata) and sea bass (Dicentrarchus labrax), representing 95% of total farmed fish production. 37 
The gilthead sea bream is one of the most interesting species for farming in the Mediterranean basin, the 38 
third most produced fish species in the EU and the first in Spain. It is grown in a floating cage system and 39 
its production is limited to areas in temperate waters (APROMAR, 2009; FAO, 2010).  40 
Growth rate and biomass estimation of fish are essential in aquaculture, in order to prepare the production 41 
plan of fish farms, as well as management tasks such as classification and distribution of fish, discharge 42 
   
of new lots, calculation of daily feeding rates, etc. Despite the fact that existing technology has sufficient 43 
capacity to satisfy production needs, it is necessary to optimize these processes, not only to improve 44 
economic efficiency, but also to minimize the environmental impact of fish farms. These processes 45 
include feeding strategy, growth rate and population monitoring. Daily feeding is estimated according to 46 
present biomass in the sea cage and several factors such as average size of fish, season, water 47 
temperature, etc. Therefore, size and fish number estimation in each sea cage are crucial for suitable 48 
management of fish farms. 49 
Several surveys related to in situ measurements of dorsal aspect of scattering properties of the wild fish in 50 
fisheries applications can be found in the literature. McClatchie et al. (1996) analyzed results obtained 51 
using in situ techniques in multiple studies on the relationship between target strength (TS) and total body 52 
length for different species of fish, mainly swimbladdered ones. Furthermore, many studies were 53 
conducted using ex situ techniques with tethered fish or confined in very small cages (Kang and Hwang, 54 
2003, Kang et al., 2004; Kang et al., 2009; Gauthier and Rose, 2001; Mukai and Iida, 1996; Nielsen and 55 
Lundgren, 1999; Lilja et al., 2000), in order to determine directivity of the energy scattered by the fish. 56 
However, a small number of studies with captive fish have been performed in sea cages for aquaculture 57 
applications, mainly with mackerel, herring and capelin (Edwards and Amstrong, 1983; Ona, 2003; 58 
Jorgensen and Olsen, 2002; Jorgensen, 2003), and more recently the acoustic scattering of salmon has 59 
been studied, measured for both dorsal and ventral aspect (Knudsen et al., 2004). Currently, there are no 60 
studies on the backscattering of gilthead sea bream, however other species of the same family have been 61 
studied using fish tied or placed in very small cages (Kang and Hwang, 2003; Kang et al., 2004). 62 
Fish behavior (tilt angle, swimming depth, activity level, etc.) greatly influences TS values (Ona, 1999; 63 
Simmonds and MacLennan, 2005; Medwin, 2005). It is therefore desirable to perform measurements in a 64 
similar environment where the biomass is being estimated, since fish behavior is closer to the real case. In 65 
aquaculture applications it seems very advisable to measure the backscattering energy of gilthead sea 66 
bream inside a sea cage, rather than employing tethered fish or placed in very small cages. The measuring 67 
cage must have similar dimensions to a marine fish farm cage, where fish can swim freely. Nevertheless 68 
this can be difficult in production conditions since the density of fishes is extremely high (up to 25 kg/m3) 69 
and single echo o trace detection can be achievable only in the closest distances from the transducer (up 70 
to 3 m). Therefore it can be also important to measure the TS at short ranges in a small sea cage. The 71 
measurements made in sea cages present some complications, since the fish are very close to the 72 
transducer. Note that the near field of a fish can reach several meters, so that TS may depend on the 73 
distance and, therefore, TS measurements in sea cages may not be valid to be applied to biomass 74 
estimation in the wild (Ona, 1999). At short distances fishes do not act as point sources, so it will be 75 
necessary to estimate the appropriate TVG function to obtain the absolute TS values properly (Dawson et 76 
al., 2000; Mulligan, 2000). In addition, there is considerable variability in the estimation of the position of 77 
fish within the beam at short distances since fish are complex scatterers, so a new error in TS estimation 78 
will be introduced (Dawson et al., 2000). 79 
Teleost fish, such as the sea bream, normally have a swimbladder. This organ, located below fish bone, is 80 
responsible for most of the energy reflected by fish (Simmonds and MacLennan, 2005; Medwin, 2005). 81 
Therefore, ventral TS measurements in sea cages are highly recommended, because it is more likely to get 82 
better correlation between mean TS and fish length than that obtained for dorsal aspect. When dorsal 83 
measurements are preformed, the shadowing effect of the swimbladder by bony structures (spine) can 84 
occur. Whereas this will probably not happen for ventral measurements (Foote, 1985; Medwin and Clay, 85 
1998). 86 
Although different techniques have been developed for the control of marine farms, permanent 87 
installation of commercial equipment in sea cages is difficult because of its high price. Single-beam 88 
echosounders can be a convenient option for installation in fish farms, as this type of echosounders are 89 
the cheapest system among the existing scientific ones. To confirm this, it is necessary to verify the 90 
feasibility of control of growth rate, abundance and feeding of fish in sea cages using this type of system. 91 
   
The aim of this study is to find a relationship between TS and total length of gilthead sea bream in sea 92 
cages. Note that as we assume the existence of error sources in measurements, since the fish are very 93 
close to the transducer, it is not pretended to perform an absolute determination of TS, but to find a 94 
relationship that allows monitoring the growth of specimens in sea cages using acoustic techniques. We 95 
have evaluated the relationship obtained from data provided by a split-beam echosounder and contrasted 96 
it with that obtained by omitting the phase information, i.e., treating the data as if they were measured 97 
with a single-beam echosounder. Knowledge of these relationships is very important for the management 98 
of farms by using acoustic techniques. The ultimate goal of our project is the evaluation of a low-cost 99 
single-beam system that is able to withstand long periods of time on a marine farm in production 100 
conditions. 101 
 102 
2 Material and methods 103 
2.1 Experimental measurements 104 
Five different size classes of gilthead sea bream were characterized to find the relationship between dorsal 105 
and ventral aspect of TS for individual specimens and total length of its body. Both biometric and acoustic 106 
measurements took place in July 2009. 107 
Firstly, total body length and total mass of different specimens, previously anesthetized, were measured. 108 
Fishes were classified into five different size classes between 20 and 25 cm, trying to minimize size 109 
differences between fishes of the same class. Size classification covers only part of production sizes, with 110 
fishes from 25 to 500 g, and represents an effort of distinguishing small steps in size evolution. Table 1 111 
summarizes mean mass and mean total length of specimens from each class, variation coefficient for total 112 
length and number of individuals inside the sea cage. 113 
Table 1. Biometric data for each size class of gilthead sea bream. 114 
Size class   1 2 3 4 5 115 
Number of fish  2-4 2-4 2-8 2 2-4 116 
Mass (g)   158.8 178.7 194.4 235.7 268.7 117 
Total length (cm)  20.3 21.1 21.7 23.1 24.2 118 
CV Length (%)  0.25 0.42 0.51 0.55 0.42 119 
 120 
Secondly, a direct ventral and dorsal TS measurement of single fishes was performed. Measurements 121 
were carried out at Gandia’s port (Valencia, Spain), using an experimental cage of 3 m in diameter and 122 
2.7 m in height, where the fish can swim freely. A limited number of specimens from each size class were 123 
placed in the cage, in order to avoid echoes from different targets which may overlap and falsify echo 124 
detections from single targets, and thus overestimate mean TS (Ona, 1999). After entering the fish in the 125 
sea cages, we waited about one hour before starting the recordings, so fishes got used to the new 126 
environment. Fishes were fed until the day before measurements began; to prevent swimbladder volume 127 
variation. 128 
A Simrad EK60 echosounder with a 7º split-beam transducer working at 200 kHz, with a maximum near 129 
field of about 1 m, was used for direct measurement of TS. The transducer is mounted in the center of the 130 
bottom of sea cage oriented upwards for ventral TS measurement and on the surface facing downwards 131 
for dorsal TS measurement (Plate 1). Transmitted power was 90 W, pulse length of 64 µs and ping 132 
interval of 20 ms. Water temperature was monitored during recordings. Before placing fish in the sea 133 
cage and starting measurements, the transducer was calibrated inside the sea cage using a copper 134 
calibration sphere of 13.7 mm in diameter with a TS of -47 dB at 200 kHz (Simmonds and MacLennan, 135 
2005; Medwin and Clay, 1998). 136 
   
 137 
Plate 1. Mounting detail of the transducer at the bottom of sea 138 
cage for ventral TS measurement of the gilthead sea bream. 139 
 140 
Recordings were performed for about an hour for each position of the transducer (ventral and dorsal 141 
measurements) and size class. Recorded data were stored in .raw files to later analysis. 142 
 143 
2.2 Data analysis 144 
Two different data analysis were performed. First one consisted on analyzing all the information provided 145 
by the split-beam echosounder, including distance and angle of arrival of received echoes. Detected echo 146 
level depends on directivity pattern of the transducer, and angular position information allows obtain 147 
compensated TS. Second one is a single-beam analysis, which obviates angular information and 148 
uncompensated TS values (TSu), which depend on the arrival direction of the echo, are obtained. 149 
Split-beam data were analyzed using Sonar5-Pro software, version 5.9.9 (Balk and Lindem, 2009). 150 
Obtained TS distributions are based on analysis of echoes from single targets, since the number of 151 
detections is not enough to obtain reliable results from a trace analysis. Firstly, existent noise or unwanted 152 
echoes in the echogram are reduced using target-noise separation. Then, a layer that extends from 1 m to 153 
2.35 m from the transducer is analyzed by echo counting. Distances below 1 m are not analyzed to avoid 154 
near field effect of the transducer, and over than 2.35 m to avoid echoes coming from surface or bottom 155 
of the cage, as well as noise from bubbles due to waves, surface floating objects, etc. It has been 156 
necessary, in some cases, to manually remove remaining noise in order to reduce the effect of the 157 
inclusion of unwanted echoes in TS distributions. A detection is considered to come from single fish if it 158 
has a pulse length between 0.8 and 1.8 relative to the duration of transmitted pulse, a maximum gain 159 
compensation in one-way of 6 dB, and a maximum phase deviation of 0.5. A threshold of -60 dB was 160 
used for ventral recordings and a threshold of -70 dB for dorsal recordings. 161 
Results provided by Sonar Pro were analyzed statistically to obtain mean TS for each size class. Data 162 
were transformed to linear domain, averaged and the result was transformed to logarithmic domain to 163 
obtain mean TS. Finally, least-squares linear fit was performed to find the relationship between mean TS 164 
and logarithm of total body length of fish. Furthermore, TS dependence on range has been studied, 165 
analyzing mean TS values in layers of reduced thickness (10 cm). 166 
Single-beam data were analyzed using Sonar5-Pro and Matlab®. First, data are read from .raw file 167 
omitting angular information. In this case, analysis by echo counting was also performed to obtain TS 168 
distributions, but without pre-noise reduction, using the same parameters both in Sonar5-Pro as in Matlab. 169 
An algorithm has been developed in Matlab for single echo detection (SED), based on threshold, echo 170 
length, and echo spacing criteria (Ona, 1999; Balk and Lindem, 2009). Since noise is not reduced in the 171 
   
echogram, analysis layer is narrower (1 to 2 m) to try to minimize the number of unwanted echoes that 172 
are included in analysis. Threshold value is set at -50 dB, echo length admitted is bounded between 0.8 173 
and 1.8 on the transmitted pulse length, and minimum echo spacing is equal to the transmitted pulse 174 
length. 175 
Two different versions of single-beam processing application were implemented. The difference between 176 
them lie in the order in which SED criteria are applied, particularly threshold (echo amplitude) and echo 177 
length (echo duration) criteria. If echo length criterion is applied before threshold criterion, in a similar 178 
manner to Sonar5-Pro (Balk and Lindem, 2009), some of single echoes detected may have less length 179 
than fixed. However, if threshold criterion is applied first and then echo length criterion, as suggested by 180 
Ona (1999), all single echoes detections will have a length equal to the specified. In this case, high 181 
thresholds may cause the removal of low-level echoes, which come from targets located outside the axis 182 
of the transducer. 183 
As in the previous analysis, results are statistically analyzed to obtain mean TSu, which is averaged in 184 
linear domain, for each size class. Least-squares linear fit is performed to find the relationship between 185 
TSu and logarithm of total length of fish, both dorsal and ventral measurements. 186 
 187 
3 Results and Discussion 188 
3.1 TS dependence with range 189 
Fig. 1 shows TS values of each detection as a function of range from the transducer for ventral 190 
measurements of size class 5, which corresponds to largest fish class, and mean TS for layers of 10 cm 191 
thick. Mean TS of layer tend to mean value of all detections when the analyzed layer has a large number 192 
of detections, while it varies greatly in layers having few detections. Fig. 1 shows that there is no clear 193 
dependence of TS with range. 194 
 195 
Fig. 1. TS values as a function of range from the transducer 196 
(blue points) and mean TS for layers of 10 cm thick (yellow line) 197 
for ventral measurements of the largest size class (class 5). 198 
 199 
Gilthead sea bream is a physoclist fish and, therefore, it has a closed swimbladder able to adjust its 200 
volume through glands that allow gas exchange with the outside (Webb, et al., 2008). Some studies about 201 
physoclist fish suggest that TS don't have dependence with depth at the shallowest range, because they 202 
can vary their swimbladder volume as a function of depth, thus maintaining neutral buoyancy (Gauthier 203 
   
and Rose, 2002). Therefore, results are consistent with expected non-dependence of TS with depth, 204 
typical of physoclist fish. 205 
However, we expected to find some dependence of TS with distance due to several reasons: fishes are 206 
partially insonificated, and measurements are made in near field of fish (Dawson et al., 2000; Knudsen et 207 
al., 2004; Mulligan, 2000). At short distances, fishes are not completely insonificated by the transducer 208 
beam, so they do not behave like a point target. For this reason, errors in angle estimation and loss 209 
compensation are introduced. Furthermore, near field of a fish can reach several meters, which can cause 210 
a large variability in TS values recorded and invalidate TS measurements in sea cages (Dawson et al., 211 
2000; Knudsen et al., 2004).  212 
Despite the above reasons we have not been observed a clear trend of variation in mean TS with range, 213 
but a strong dependence on mean TS with number of detections in the layer was found. These mean TS 214 
variations also could be due to near field effect and point source violation. To be able to specify more 215 
about these effects in TS measurements in sea cages it would be necessary to empirically measure near 216 
field of fish, and to estimate angular position error of target and error in loss compensation. 217 
 218 
3.2 Relationship between TS and total body length 219 
3.2.1 Split-beam analysis 220 
Fig. 2 shows ventral distribution TS at 200 kHz for both the smallest size class (class 1), which has a 221 
mean total body length of 20.3 cm, and the second largest size class (class 4), with a mean total body 222 
length of 23.1 cm. Both dorsal and ventral measurements show unimodal TS distributions. These 223 
distributions could be explained by the reduced directivity that examined specimens present, since 224 
swimbladder size is only slightly greater than wavelength.  225 
 226 
Fig. 2. Ventral TS distributions for the smaller size class (top), 227 
and the second largest class (bottom). 228 
   
 229 
A clear linear relationship is found between ventral TS and logarithm of total body length of gilthead sea 230 
bream. Nevertheless, mean TS vary greatly between consecutive size classes for dorsal measurements, 231 
maintaining a non-monotonic relationship with fish body length (Fig. 2). Mean TS for ventral 232 
measurements is higher than that obtained for dorsal measurements, like other species of fish (Knudsen et 233 
al., 2004), possibly due to shadowing effect of swimbladder by hard structures of fish. 234 
 235 
Fig.3. Relationship between mean TS and total body length (in 236 
centimeters) of gilthead sea bream, for both ventral (top) and 237 
dorsal measurements (bottom). 238 
 239 
Trying to determine the relationship between ventral TS and total body length of gilthead sea bream, we 240 
noted that the analysis done for class 5 using different parameters and criteria have always shown a lower 241 
result than expected. The general trend of the other classes is a linear TS increase with logarithm of total 242 
body length for all cases. We observed that mean TS of class 5 was affected by strong dispersion induced 243 
by low TS echoes or noise of unknown origin that is not present on the other classes. Mean TS of class 5 244 
tends to increase slightly when these echoes are removed from the echogram.  245 
The following linear relationship with logarithm of total body length is established for ventral aspect at a 246 
frequency of 200 kHz, from the obtained values of mean TS, 247 
 TS = 40.1·log L (cm) – 92.8  (1) 248 
 r2 = 0.8536 249 
 250 
   
3.2.2 Single-beam analysis 251 
Fig. 4 shows the results for ventral measurements of size class 4 from single-beam analysis, where phase 252 
information has been obviated. Ventral TSu distribution obtained using the processed version which 253 
works similarly to Sonar5-Pro, applying echo length criterion firstly, is showed at the top. This 254 
distribution is compared with the one obtained using Sonar 5 Pro with the same values of analysis 255 
parameters. Ventral TSu distribution obtained when data is processed using the other version which 256 
applies primarily the threshold criterion, is showed at the bottom, and is also compared with the results 257 
obtained using Sonar 5 Pro. In the first case, similar distributions to those obtained with Sonar5-Pro are 258 
obtained for all size classes studied, both dorsal and ventral measurements. In this way the correct 259 
operation of this processed version is verified. In the second case unimodal distributions are obtained for 260 
all cases, probably due to the elimination of low level echoes. 261 
 262 
Fig. 4. Ventral TSu distribution for size class 4 (23.1 cm) when 263 
echo length criterion (top) or threshold criterion (bottom) are 264 
applied firstly. 265 
 266 
A linear relationship between ventral TSu and logarithm of total body length of gilthead sea bream is 267 
observed. A good correlation between ventral aspect of TSu and total body length of fish is achieved, 268 
when the threshold criterion is applied first. In case of applying the echo length criterion firstly, a rather 269 
poor correlation and lower mean values of TSu are achieved, as lower level echoes are included (Fig. 5). 270 
Results do not provide a linear relationship for dorsal case, similar to the results observed for split-beam 271 
analysis. 272 
   
 273 
Fig. 5. Relationship between TSu and total body length (in 274 
centimeters) of the gilthead sea bream for both ventral (left) 275 
and dorsal aspect (right). TSu is obtained by applying the 276 
threshold criterion in first place. 277 
 278 
Presence of low level echoes or noise in size class 5 has not had the same influence as in the split-beam 279 
analysis. Application of the threshold criterion in the first place causes the elimination of such detections.  280 
The following linear relationship between TSu ventral aspect and logarithm of total body length has been 281 
obtained at a frequency of 200 kHz, 282 
TSu = 27.8·log L (cm) – 77.54  (2) 283 
 r2 = 0.8909 284 
 285 
4 Conclusions 286 
No clear dependence of TS with range at short distances is observed. An empirical relationship has been 287 
obtained to estimate size of gilthead sea bream in sea cages from backscattering measurements, without 288 
making any correction for the effects at short distances (near field effect and violation of point source), as 289 
happens with other species (Knudsen et al., 2004). 290 
However some single fish tracks have been found at short distances, even when fish length is greater than 291 
diameter of the acoustic beam. This may be because the swimbladder reflects 90% or more of 292 
backscattered energy (Simmonds and MacLennan, 2005), so it might be more reasonable to consider 293 
length of the swimbladder instead of total body length.  294 
   
The swimbladder as dispersing element still occupies a large part of the acoustic beam cross section at 295 
short distances, so it is necessary to correct TVG function to obtain absolute TS values. Even though 296 
phase errors having an unknown magnitude, will occur. 297 
TS distributions are unimodal for both ventral and dorsal measurements. This could be explained by a 298 
reduced directivity of specimens studied, because size of the swimbladder is only slightly higher than 299 
wavelength. Unimodal distributions are also obtained for TSu, when using the algorithm that applies first 300 
threshold criterion, therefore eliminating low-level echoes or noise. 301 
TS for dorsal recordings is lower than ventral aspect of TS, like other species of fish (Knudsen et al., 302 
2004), possibly due to shadowing effect of swimbladder by hard structures of fish. We have not found a 303 
clear relationship between TS dorsal aspect and logarithm of total body length of the gilthead sea bream.  304 
The linear relationship obtained for ventral TS versus logarithm of total body length of the gilthead sea 305 
bream shows a good correlation. We found no clear relationship for dorsal measurements. Ventral TS for 306 
the largest class do not follow the trend of other classes, possibly due to the need of a greater number of 307 
measurements. Linear fit is not included due to this reason. 308 
A linear relationship between TS and logarithm of total body length for ventral measurements has been 309 
obtained, as suggested by Ona (1999). A linear relationship is also found for TSu. In both cases the 310 
correlations obtained are quite good, despite the unavailability of a large number of measurements. These 311 
relationships enable to estimate fish size from a few simple steps and not extended in time. Note the 312 
importance of the relationship found between TSu and length of fish, allowing us to monitor the growth of 313 
gilthead sea bream in sea cages from a few simple measurements performed with a low-cost equipment. 314 
However, results are sensitive to processing parameters, therefore it is desirable to extend the analysis in 315 
future studies to a higher number of detections and a greater number of size classes, it may prove more 316 
conclusively intended use of TSu as a parameter for growth monitoring of gilthead sea bream in sea 317 
cages. 318 
It should be taking into account that TSu is practically the TS. Since a high threshold has been applied in 319 
single-beam analysis, the echoes from off-axis have been removed. TS values are rather higher than TSu 320 
values, and higher slope. The lower values of TSu are expected, since transducer directivity pattern is not 321 
compensated. It has to be noticed strong difference in the slope between approaches, split and single-322 
beam. For split-beam data the TS increases faster with fish length. An explanation can be given in terms 323 
of the possible over-compensation of beam directivity in split-beam analysis. This compensation is given 324 
for a determinate angular position, and since fishes occupy an extended area inside the beam, the bigger 325 
the fish the bigger the error in directivity compensation. 326 
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